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Hard x-ray emission in the energy range of 30–300 keV from copper plasmas produced by 100-fs, 806-nm
laser pulses at intensities in the range of 101521016 W cm22 is investigated. We demonstrate that surface
roughness of the targets overrides the role of polarization state in the coupling of light to the plasma. We
further show that surface roughness has a significant role in enhancing the x-ray emission in the above
mentioned energy range.
DOI: 10.1103/PhysRevA.65.052903 PACS number~s!: 79.20.Ds, 52.25.Os, 52.38.2r, 52.50.JmThe behavior of matter under extremely intense, ultrashort
light pulse irradiation is an exciting area of contemporary
research @1#. Highly dense plasmas with steep density gradi-
ents and temperatures of hundreds of eV can be produced at
the focal spot of an intense, femtosecond laser. Such plasmas
are remarkably different from conventional laboratory plas-
mas as they are formed rapidly and hydrodynamic expansion
is insignificant during the laser pulse. They are ‘‘point’’
~micron-size! sources for both soft and hard-x-ray @2–4# and
g-ray pulses @5,6#. This aspect has attracted multifaceted re-
search to explore various applications, such as x-ray lithog-
raphy and time resolved x-ray diffraction @1#. In addition to
the large yield both in continuum and line emissions, an
exciting property of such x-ray pulses @7# is their extremely
short temporal duration ~subpicosecond!, which is ideal for
time resolved studies at x-ray wavelengths. To be able to use
such x-ray sources, it is essential to simply and correctly
characterize their emission as well as to find ways of enhanc-
ing it. Recently, Banerjee et al. have demonstrated a simple
way of obtaining absolute yields of such x-ray fluxes and
have pointed out the role of photon statistics in estimating
yields from laser-produced plasmas using broadband Si ~Li!
detectors @8,9#. There is a great deal of interest in methods
that could enhance the x-ray yield, and the influence of vari-
ous laser and target conditions has been the subject of many
recent studies. Preplasma formation has been investigated in
detail as one of the prominent ways of improving the x-ray
yields. While significant enhancement in the emission is no-
ticed, the x-ray pulse duration tends to become longer in
such cases @10,11#. There is increasing interest in the role of
modulation/roughness of the surface in increasing the cou-
pling of the input light into the plasma, which results in an
enhancement in the x-ray yield. Murnane and co-workers
@12# have shown absorption of over 90% input light into the
plasma formed on grating targets as well as those coated with
metal clusters. More recently, impressive enhancements of
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~soft-x-ray region! @13#, porous silicon @14# and nickel ‘‘vel-
vet’’ targets ~hard-x-ray region! @15#. There have, however,
been no reports of enhancements in the very hard region
(>10 keV). Such studies should be interesting not only
from the point of view of the enhanced hard-x-ray emission,
but also to understand the role of the surface structure in the
generation of hot electrons that are responsible for the emis-
sion. During the course of our studies of bremsstrahlung
emission in the hard and very hard x-ray regimes, we ob-
served that unpolished targets showed a significant enhance-
ment in the x-ray yield as compared to polished ones. In this
paper, we present measurements of the bremsstrahlung emis-
sion in the 30–300 keV region from polished and unpolished
copper targets and emphasize the influence of roughness on
the yield and polarization dependence of the x-ray emission.
A Ti:sapphire laser ~806 nm, 100 fs! was focused with a
30 cm focal length lens on copper targets housed in a
vacuum chamber at 1023 Torr. The femtosecond laser is a
custom-built chirped pulse amplification system with two
stages of multipass amplification @9#. The maximum pulse
energy used in the current experiments is 6 mJ, giving a peak
intensity of about 231016 W cm22 at the focal point of di-
ameter 30 mm. The laser had a prepulse ~13 ns ahead of the
main pulse!, which was at least 104 times weaker and the
contrast with the pedestal ~at 1 ps! was better than 105. Un-
der these conditions, plasma formation by prepulse/pedestal
is found to be negligible @16#. A thin half-wave plate was
introduced in the beam path in order to change the polariza-
tion states. The target was constantly rotated and translated
in order to avoid multiple hits at the same spot by the laser
pulses. X-ray emission from the plasma was measured along
the plume direction by a NaI~Tl! detector. The detector was
shielded by lead bricks and calibrated using Co57, Cs134, and
Eu152. The BK-7 window of the vacuum chamber sets a low-
energy cutoff at about 12 keV for the observed emission. The
signal from the detector was amplified and then fed to a
multichannel analyzer through an analog to digital converter.
Spectra were typically collected over 30 000–40 000 laser
shots. To ensure their reliability, the temperature fits pre-
sented are done using the data above 50 keV, wherefrom the
transmission is 100%. In order to minimize the probability
for pileup, the count rate was reduced to less than 0.1 per©2002 The American Physical Society03-1
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the detector. The spectra were measured at different distances
from the target ~different solid angles! and the detector was
finally placed at a position where there was no pileup. The
typical solid angle of observation at this position was in the
region of 50–80 msr. The spectra were made nearly back-
ground free by eliminating cosmic ray noise by means of
time gating—the laser pulse-trigger was sent to a delay gate
generator that activated a time window of 30 ms for the
signal acquisition.
Figure 1 shows the bremsstrahlung emission measured in
the 30–300 keV region for an unpolished copper target at an
intensity of 1.631016 W cm22, with p and s-polarized light
incident at 45°. The solid line fits indicate the existence of at
least two temperature components for the hot electrons in the
plasma. These turn out to be 661 keV and 3565 keV in
both cases, irrespective of the polarization state of the light
field. The space and energy integrated yield, under the as-
sumption of isotropic emission, gives an overall efficiency
~keV/keV! of about 231023 for conversion into the
30–300 keV region.
In the case of a p-polarized laser beam, it is well known
FIG. 1. Bremsstrahlung emission from an unpolished copper
target irradiated at 1.631016 W cm22 with ~a! p polarization and
~b! s polarization. Data points obtained over 36 000 shots in the
range 50–300 keV are shown wherein the exponential fits are per-
formed. The inset in ~a! shows the temperature as a function of the
laser incident angle for both polarizations.05290that in experimental conditions similar to ours, the hot elec-
trons could be generated by two mechanisms—resonance ab-
sorption ~RA! and vacuum heating ~VH!. RA has been well
studied both experimentally @17–20# and theoretically @21–
24# and based on the observations and simulations, the fol-
lowing scaling law @21# has been established:
Thot514Tc
0.33~Il2!0.33, ~1!
where Tc is the background electron temperature in keV, I is
the intensity of the laser in units of 1016 W cm22 and l is
the wavelength in microns. According to this scaling law, for
a Tc of 0.1 keV, we get a Thot of 6.6 keV under our experi-
mental conditions. This temperature is close to the lower
component that we have measured in our experiments. RA
cannot, however, explain the higher component. VH @25,26#
can be examined as a possible candidate for the generation of
this component. A crucial requirement for VH is that the
electron oscillatory amplitude xosc is larger than the plasma
scale length L. Our laser pulses have an insignificant
prepulse component and the measurements of Doppler shift
from plasma expansion have indicated @27# that the ratio
xosc /L is about 1 and L/l is about 0.01. For these param-
FIG. 2. AFM images of the targets used. ~a! Unpolished copper
with average roughness of 0.1 mm; ~b! polished copper with aver-
age roughness of 5 nm.3-2
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about 30 keV, under similar conditions, which is quite close
to the measured value of the higher-temperature component
~reflectivity studies are done, which support the existence of
VH under our conditions!.
Such an interpretation, however, has to be examined in
light of the data for s polarization. In this case, there is no
known mechanism ~operative under our experimental condi-
tions! that can explain the lower hot electron temperature, let
alone the higher one. The only mechanism that one can in-
voke is collisional absorption, which becomes less effective
@29,30# above 1015 W cm22. Surprisingly, not only are there
high-temperature components in our s-polarization data, but
their magnitudes are also quite comparable to those gener-
ated by p-polarized light. The total ~integrated! energy of x
rays emitted in the range 30–300 keV using p polarization is
calculated to be 3.53105 keV, where as it is 2.8
3105 keV using s-polarized light, again contrary to our ex-
pectation. The inset in Fig. 1~a! shows temperature, mea-
sured at a lower intensity of 231015 W cm22. It is nearly
constant with laser incidence angle for both polarizations.
We noted similar behavior at other intensities also.
These observations demand an examination of the pos-
sible role of surface roughness of targets in the hot electron
generation in our experiments. It has been pointed out in
many studies that a number of efficient schemes—surface
waves, multiple scattering, trapping of energetic electrons,
light, etc., exist for the coupling of laser light into the plasma
for rough surfaces. The understanding thus far is that struc-
turing of the surface leads to localized volume heating of
microregions of the target leading to denser plasmas and
higher temperatures @12–15#. To investigate the level of
roughness on our surface, an atomic force microscope
~AFM! image of the target, shown in Fig. 2~a! is taken. It is
FIG. 3. Bremsstrahlung emission over 36 000 laser shots from a
polished copper target irradiated at 931015 W cm22. Temperature
is not obtained for the data for s polarization because of inadequate
counts.05290evident that the surface is quite uneven, with the average
peak-valley difference being 0.1 mm. To understand the role
of roughness clearly, the x-ray emission from a highly pol-
ished surface is investigated. The AFM image of this target is
shown in Fig. 2~b!. This surface has an average peak-valley
separation of 5 nm. This polished target is clearly 20 times
smoother than the earlier unpolished target that we dis-
cussed.
Figure 3 shows the bremsstrahlung data from polished
surface irradiated at 931015 W cm22 under other condi-
tions similar to those described above for unpolished targets.
The differences in the spectra are striking. The yield obtained
~in the range 30–300 keV! using p polarization is about five
times larger than that obtained using s polarization as ex-
pected by the large coupling of the former into the plasma by
RA and VH. The exponential fit for the p-polarization data
gives a temperature of 1563 keV. This temperature compo-
nent is again at par with the value obtained from simulations
for the parameters valid at this intensity @28#. No fit is at-
tempted on the data obtained using s-polarized light as the
counts beyond 50 keV are too few to get a good fit. We
obtained similar data at other intensities also and the general
features remain the same.
Figure 4~a! presents a comparative picture of bremsstrah-
lung emission from unpolished and polished targets irradi-
ated with p polarization at 1.431016 W cm22 at 45°. There
FIG. 4. ~a! Comparison of bremsstrahlung emission from
smooth ~open circles! and rough ~solid triangles! targets irradiated
with p-polarized light at 45°. Data points obtained over 36 000
shots in the range 50–125 keV are shown wherein the exponential
fits are performed. ~b! Spectrally integrated emission, collected over
2000 laser shots, from smooth and rough targets as a function of the
angle of incidence. The inset of ~a! is the comparison of bremsstrah-
lung emission from smooth ~solid line! and rough ~dashed line!
targets at their respective angular maxima shown in ~b!.3-3
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emitted ~in the range 30–300 keV! from the unpolished tar-
get as compared to the polished one. Figure 4~b! shows the
variation of x-ray emission with the angle of incidence for
rough and smooth targets keeping the intensity ~corrected for
oblique incidence! constant at 1.231016 W cm22, using
p-polarized light throughout. It demonstrates that rough tar-
gets give enhanced yields at all angles. The inset in Fig. 4~a!
shows the x-ray spectra taken at the best angles for rough
and smooth targets, which shows that the best yield from the
smooth target is one-fourth of the best yield of a rough tar-
get. These observations lead us to infer that the roughness on
the unpolished target is responsible for the increase in the
bremsstrahlung yield. However, the temperatures obtained
are nearly the same (2264 keV) for both polished and un-
polished targets at 45°.
It is noted that a rough target gives more x-ray yield and
higher temperatures compared to its smooth counterpart
when irradiated by s-polarized light. The local topographical
features present in the case of rough target can, in principle,
make the laser incident at different angles locally. Due to the
lack of a definite geometry on the surface, the incident
s-polarization could be considered as ‘‘p’’ at some points,
depending on the local target morphology, which could even-
tually give rise to hot electrons due to RA and VH. However,
this effect would have a detrimental impact for p-polarized
light incident on rough targets since the polarization can be
locally ‘‘s ,’’ again depending on the local geometry, which
would mean less amount of x-ray emission as compared to
that from polished targets. Since the yields are invariably
higher in the case of a rough target even with a p-polarized
light field, irrespective of the angle of incidence, other
mechanisms that would enhance the laser-plasma coupling,
viz. surface waves, electron confinement may need to be in-
voked. A detailed study is necessary in this regard and is
under way.
Another interesting feature that emerges, is the relative
lack of dependence of the x-ray emission on the polarization
in case of the unpolished target. This could mainly be attrib-
uted to two factors: ~i! change of polarization due to local
morphology, and ~ii! modification of polarization by scatter-05290ing from the rough features. These factors imply that the
influence of roughness could nullify the differences in light
coupling to the plasma in the case of s and p-polarized light
fields. We note that Ahn et al. @31#, have seen similar lack of
dependence of soft-x-ray yield on the light polarization state
and cited rippling of the critical surface as a possible cause.
More investigations are needed to study this problem in de-
tail and we are in the process of studying the influence of
controlled modification of surface roughness on hard and
very hard x-ray emission.
Rippling of critical surface ~as an analog of roughness!
has been examined theoretically in some earlier studies as a
possible cause of excess absorption and its partial indepen-
dence of polarization @32,33#. We must emphasize that the
experimental evidence for such a possibility @34–36#, how-
ever, has been very tentative. These experimental results
pointed to rippling as one of the possible reasons for devia-
tions of measured absorption values from their agreement
with those expected from established models of absorption
such as RA. Besides, they did not present any data on hot
electron temperatures at all. To the best of our knowledge,
we believe that our study is the first to qualitatively establish
the correlation of temperature with structural roughness. The
advantage of our study is that we deal with measurable and
predefined roughness in our targets.
In conclusion, we have demonstrated that the roughness
of ordinary, unpolished, readily available surfaces could be
used to produce enhanced yields of hot electrons, which in
turn lead to larger fluxes of ultrashort x-ray pulses in the very
hard x-ray region. A key observation is the lack of influence
of the polarization state on the hot electron temperatures and
yields in the case of unpolished targets in stark contrast to
the observations for polished targets. Further experiments are
under way to study the hot electron generation in targets with
tailored roughness.
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